Purpose. In 2010, we reported that selenium (Se) supplementation during radiation therapy (RT) is effective for increasing blood Se levels in Se-deficient cervical and uterine cancer patients, and reduced the number of episodes and severity of RT-induced diarrhea. In the current study, we examine whether of Se supplementation during adjuvant RT affects longterm survival of these patients. Patients and Methods. Former patients were identified and questioned with respect to their health and well-being. Results. A total of 81 patients were randomized in the initial supplementation study, 39 of whom received Se (selenium group, SeG) and 42 of whom served as controls (control group, CG). When former patients were reidentified after a median follow-up of 70 months (range = 0-136), the actuarial 10-year disease-free survival rate in the SeG was 80.1% compared to 83.2% in the CG (P = .65), and the actuarial 10-year overall survival rate of patients in the SeG was 55.3% compared to 42.7% in the CG (P = .09). Conclusions. Our extended follow-up analysis demonstrates that Se supplementation had no influence on the effectiveness of the anticancer irradiation therapy and did not negatively affect patients' long-term survival. In view of its positive effects on RT-induced diarrhea, we consider Se supplementation to be a meaningful and beneficial adjuvant treatment in Se-deficient cervical and uterine cancer patients while undergoing pelvic radiation therapy.
Introduction
The essential trace element selenium (Se), which is a crucial constituent of the most important endogenous antioxidative enzymes in the human body, has attracted increasing attention from both lay and expert groups. Among other important functions, Se has been shown to possess cancerpreventive and cytoprotective activities in both animal models and humans. Selenium plays a key role in redox regulation and antioxidant function, and hence in membrane integrity, energy metabolism, and protection against DNA damage. These functions are mediated through approximately 120 different selenoproteins encoded by 25 separate human selenoprotein genes, which require adequate Se availability for their regular biosynthesis and expression. Selenoproteins include several forms of the enzymes glutathione peroxidase, thioredoxin reductase, and iodothyronine deiodinase. [1] [2] [3] [4] Besides the disease itself, radiation and chemotherapy, as well as suboptimal nutrition, in cancer patients in the clinic might aggravate the situation in a Se-deficient patient and increase the likelihood of radiation-induced side effects. In 2010, a Brazilian prospective study showed a significant reduction in plasma levels of selenium in breast cancer patients undergoing radiotherapy, suggesting attention to the nutritional status of this micronutrient and other antioxidant agents. 5 The thoughtful radiation oncologist is thus mainly concerned with the following clinical aspects: radioprotection of normal tissues, radio-sensitizing of malignant tumor cells, protection from edematous effects, and adjuvant measures for primary and secondary cancer prevention. 6 Clinical and experimental evidence indicates that Se could address most of these issues because it functions as a radio-and chemoprotector with the ability to alleviate the side effects of tumor-specific chemotherapy or radiotherapy treatments. [7] [8] [9] In 2003, a British retrospective study showed a positive correlation between initial serum Se levels and the dose delivery of chemotherapy and outcome of patients with aggressive non-Hodgkin's lymphoma. In light of the results of a subsequent experimental study, the authors concluded that the Se compounds methylseleninic acid and selenodiglutathione induce cell death in lymphoma cell lines and primary lymphoma cultures, which may be partly attributable to the generation of reactive oxygen species. 10, 11 Between 2000 and 2006, the German Working Group Trace Elements and Electrolytes in Oncology (AKTE) conducted the first worldwide randomized phase III clinical study to examine the radioprotective properties of sodium selenite in postoperative radiation therapy of pelvic tumors. We observed that Se supplementation during radiation therapy effectively improved blood Se status in Se-deficient cervical and uterine cancer patients and reduced the number of episodes and severity of radiation therapy-induced diarrhea. 12 Despite the positive results of this study, some oncologists suspected that Se may protect tumor cells from therapeutic radiation damage and were concerned about the long-term effects of Se supplementation during radiation therapy. Hence, we examined whether there was an impact of Se supplementation during adjuvant radiation therapy on the long-term survival of these patients.
Patients and Methods
Between January 2000 and June 2006, whole blood Se concentrations were measured in patients with histopathologically confirmed cervical and uterine cancer after surgical treatment. Patients with initial Se concentrations less than 84 µg/L were randomized into the Se group (SeG) or a control group (CG). During radiation therapy, patients in the SeG received 500 µg of Se (as inorganic sodium selenite; selenase ® ) per os on the days of radiation therapy and 300 µg of Se on the days without treatment until the last day of radiation therapy. In the control group, adjuvant radiation therapy was given without Se supplementation. The cumulative Se dose given to the patients in the SeG was 17 mg of sodium selenite over an average treatment period of 38 days.
After a maximal time period of 136 months (average = 70 months), former patients were identified and questioned with respect to their health and well-being. Results from these interviews were used to compare longterm survival in the SeG with those in the CG.
Statistics
All data were stored and analyzed using the SPSS statistical package 15.0 (SPSS Inc, Chicago, IL). Descriptive statistics were computed for continuous and categorical variables. The statistics computed included mean and standard deviations of continuous variables, and frequencies and relative frequencies of categorical factors. Testing for differences in continuous variables between the groups was accomplished by the 2-sample t test for independent samples or the Mann-Whitney U test, as appropriate. The period of time to cancer recurrence or death was estimated using the Kaplan-Meier method. Differences between curves were assessed by Mantel's log-rank test for censored data. All P values were 2-sided statistical tests, and values of P < .05 were considered to be statistically significant.
Results

Patients
A total of 81 patients (mean age = 64.3 ± 10.1; range = 31-80) with carcinomas of the cervix or corpus uteri with significant whole blood Se deficiency after curative surgical treatment were randomized to the SeG (n = 39) or the CG (n = 42). Patients with metastatic disease, diarrhea before radiotherapy, radiochemotherapy, receiving Se supplementation before radiation therapy, and patients who had undergone previous pelvic radiation therapy as described earlier were excluded. 12 
Survival Data
Survival data for 81 of the 81 patients initially randomized into the SeG and CG were available.
Disease-Free Survival
With a median follow-up of 49 months (range = 0-75), the actuarial 5-year disease-free survival rate was 80.1% in patients in the SeG compared to 83.2% in the CG (P = .74, log-rank test). 12 With a median follow-up of 67 months (range = 0-136 months), the actuarial 10-year disease-free survival rate was 80.1% in patients in the SeG compared to 83.2% in the CG (P = .65, log-rank test; Figure 1 ).
Overall Survival
With a median follow-up of 51 months (range = 6-75), the actuarial 5-year overall survival rate was 91.9% in patients in the SeG compared to 83.1% in the CG (P = .34, log-rank test). 12 With a median follow-up of 70 months (range = 6-136 months), the actuarial 10-year overall survival rate was 55.3% in patients in the SeG compared to 42.7% in the CG (P = .09, log-rank test; Figure 2 ).
Discussion
In 2010, we published the results of the effects of Se supplementation during radiation therapy in a group of patients with initially low Se serum levels after surgery. 12 Se supplementation improved the Se levels in patients under the therapy conditions and yielded a significant reduction in diarrhea.
Because concerns were raised with respect to the safety of Se supplementation and the potential tumor-sparing side effect of Se-dependent protective enzyme systems, we report the long-term follow-up of these patients. These concerns proved not to apply, and the calculated long-term survival rates did not differ between the 2 groups, indicating that Se was not protective of tumor cells, as was often assumed and suspected by many oncologists. This finding may be related to a number of selective Se-mediated processes recently identified. Besides the anti-oxidative capacity in healthy tissue, an unusual selective activation of wild-type p53 by Se-dependent reduction of 2 critical cysteine residues by redox effector factor-1 might contribute to efficient activation of DNA-repair in healthy cells of the small intestinal mucosa. [13] [14] [15] Furthermore, it is possible that patients with improved Se status may have benefited from a selective increase in cell death in postoperative backward tumor cells by an increase in the Se metabolism-related generation of reactive oxygen species. 11, 16 Above all, the 10-year overall survival rate in patients receiving Se supplementation, and who consequently had increased whole blood Se levels up to a mean of 90.9 µg/L (corresponding to approximately 72.1 µg/L in serum), is higher, with a borderline level of statistical significance (P = .09) compared with the control group who did not receive Se supplementation and had a mean whole blood Se level at the end of radiation therapy of 61.4 µg/L (corresponding to approximately 48.7 µg/L in serum). From these results, a positive impact of Se supplementation could also be discussed. A nonlinear association between serum Se levels and all-cause and cancer mortality was published by Bleys et al in 2008 based on the analysis of a representative sample of the US population, with 13 887 adult participants. Increased serum Se levels were associated with decreased mortality up to concentrations of 130 µg/L. 17 If we consider the causes of death in our study, it also shows an advantage for the SeG (Table 1) . These results are also in line with a recently published retrospective study on renal cancer patients reporting a strong dependence of cancer-related mortality with the Se status of patients. 18 Whether or not the effects of Se were elicited directly during tumor radiation therapy or during the recovery phase thereafter remains to be determined. However, despite the low number of patients, we conclude that, at the very least, the short-term high-dose Se supplementation during radiation therapy was safe for patients in our study and successfully reduced radiation therapy-associated side-effects.
Our results support the 2003 findings published by Last et al and highlight that in patients with higher blood Se levels, radiation therapy was significantly better tolerated. 10 Therefore, we strongly advocate taking the Se status of patients under therapy more seriously, determine the patient's Se status prior to therapy and to consider Se supplementation when the current Se status appears to be insufficient before applying radiation therapy. 19 
Conclusions
Our results demonstrate that Se supplementation neither influenced the effectiveness of the anticancer radiation therapy nor negatively affected long-term survival. In view of the positive effects on radiation therapy-induced diarrhea, we consider Se supplementation a meaningful and beneficial adjuvant treatment measure in cervical and uterine cancer patients when they exhibit low Se baseline levels prior to undergoing adjuvant pelvic radiation therapy. It is unlikely that our data can be directly extrapolated to cancer patients with better Se status, as they do not present or develop a Se deficiency. However, given the strong cytotoxic effects of radiation therapy in combination with the increased production of reactive oxygen species, a respective supplementation study with Se might still be considered in case a deficit has been diagnosed, in contrast to cancer prevention trials where supplemental Se was recently proven ineffective in US patients with good baseline nutritional Se status. 20 
